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Abstract 
 
Sugarcane products represent an abundant and relatively 
low cost carbon resource that can be utilised to produce chemical 
intermediates such as levulinic acid and furanics. These chemicals 
can be easily upgraded to commodity and specialty chemicals and 
biofuels by high yielding and well established technologies.  
However, there are challenges and technical hurdles that need to 
be overcome before these chemical intermediates can be cost-
effectively produced in commercial quantities.  The paper reviews 
production of levulinic acid and furanics from sugars by 
homogeneous mineral acid catalysts, and reports on preliminary 
studies on the production of these compounds with 
environmentally friendly biodegradable sulfonic acids. The yields 
(>50% of theoretical) of levulinic acid, formic acid and furfural 
obtained with these organic acids are comparable to that of 
sulphuric acid currently used for their production.  
 
Introduction 
Increasing the supply of bio-based products has gained importance in recent years 
as a step towards improving environmental issues by reducing the use of fossil fuel. In 
contrast to other renewable energy resources (e.g. solar, thermal, tidal, wind, hydro), 
biomass is the only renewable resource of fixed carbon (Corma et al., 2007). The sugar 
industry has large amounts of biomass products suitable for conversion into fuels and 
chemicals in a biorefinery context where the objective, similar to petroleum refineries, is 
to supplement the manufacture of large amounts of low value products with higher value 
products for greater financial viability.  
In Australia, ~30 million tonnes of sugarcane is processed to produce ~4.5 million 
tonnes of sugar of which 80% is exported, and mostly processed into refined sugar. The 
lack of value adding to raw sugar results in lost opportunities for the Australian sugar 
industry. The sugar manufacturing process also generates ~0.8 million tonnes of molasses 
(>40% sugar content), which finds low value use in animal feed and in ethanol 
production. Bagasse, which amounts to ~10 million tonnes (i.e. 25-30% of the incoming 
sugarcane), is mainly used as fuel for combustion in boilers to generate process steam and 
electricity for the factory (Rein, 2007).  Surplus bagasse not used for the energy 
requirement of the factory finds use in co-generation, and options for its potential use for 
the production of biofuels and commodity chemicals are currently being investigated 
around the world. The sugar industry has a major advantage over other agricultural-based 
industries because it has infrastructure in place for collecting and processing biomass.   
While bagasse is a relatively inexpensive feedstock, estimated at $100/dry tonne, 
molasses (~$250/t based on sugar content) and raw sugar ($400-$500/t) can also be 
considered low cost if they can be transformed into higher value products. The benefits of 
using molasses and raw sugar as feedstocks include: (a) minimum pretreatment 
requirements, (b) higher product yields, (c) simpler recovery process of products, (d) 
minimum product purification steps and (d) less complicated processing technologies. 
However, from both a techno- and socio-economical point of view, bagasse is the 
preferred feedstock as it does not compete with the food chain (Clark et al., 2006).  
There are several routes of converting biomass (i.e. lignocellulosics) into liquid 
fuels and chemicals.  These are based on thermochemical or biochemical routes.  The 
flavour of the decade has been techniques that convert biomass to sugars (using acids or 
enzymes) which are subsequently fermented to ethanol in the presence of yeast and 
enzymes. At present, the production of cellulosic ethanol cannot compete with fossil fuels 
due to high production costs resulting from the low cellulose content in lignocellulosics 
and the very high costs of pretreatment and saccharification.  Approaches currently being 
investigated to improve the economics of the process include value adding to the lignin 
component not used in the process.  Another completely different approach is to use a 
low temperature acid hydrolysis or solvolysis process for the manufacture of levulinic 
acid (and associated derivatives) and furanics (e.g. hydroxymethylfurfural [HMF] and 
2,5-furandicarboxylic acid [FDCA]) from lignocellulosics. The advantage of targeting 
these compounds is that the existing infrastructure and utilities in a sugar factory can be 
used.   
These platform chemicals have been identified by the US Department of Energy 
(Bozell and Petersen, 2010) as versatile chemicals for this purpose as they can be readily 
transformed into fuels, solvents, monomers, pharmaceuticals and agrichemicals.  FDCA 
(oxidised from HMF) is touted as a green replacement for terephthalic and isophthalic 
acid and is principally used as precursor of polyester for clothing and plastic bottles, as 
well as fine chemicals (Boisen et al., 2009). Some biofuel derivatives of levulinic acid 
and HMF such as γ-valerolactone and 2,5-dimethylfuran respectively can be readily 
blended with petroleum products to create cleaner-burning fuels with the advantage that 
they are more energy dense and do not suffer from phase separation to become 
contaminated with water (c.f. ethanol) (Serrano-Ruiz et al., 2010). 
The ester products of levulinic acid and HMF are more readily and easily 
separated from reaction mixtures and are also useful products in their own right.  The 
esters are used as food, flavouring and fragrance agents and in the production of 
pharmaceuticals (Ayoub, 2008). There is limited supply of levulinic acid and its esters on 
world markets due to their almost exclusive production from furfuryl alcohol. Supplies of 
furfuryl alcohol are restricted by the high cost of hydrogenation plant required to convert 
furfural. The commercial production of levulinic acid and furanics is expected to grow if 
low cost production processes are developed, as evidenced by the research of DuPont and 
Avantium in this area (DuPont, 2008; Avantium, 2011).  
The cost differential between bagasse or molasses or raw sugar and products such 
as levulinic acid, HMF and their esters (estimated at $2000-3000/t) represents a 
significant value enhancement.  This paper reports on the conversion of carbohydrates to 
levulinic acid and furanics using low temperature thermochemical processes.  It also 
addresses technical hurdles restricting the commercialisation of these technologies.  Some 
current preliminary work on the conversion of simple sugars to levulinic acid, formic acid 
and furfural using environmentally friendly biodegradable sulfonic acids which are less 
corrosive than sulphuric acid currently used for their production is also presented. 
Levulinic acid and furfural production  
Levulinic acid, formic acid and furfural are common products of the acid-
catalysed dehydration and hydrolysis of hexose and pentose sugars respectively (shown 
in Figures 1 and 2).  The most abundant hexose sugar found in nature is glucose which is 
available in polysaccharide form as cellulose (in bagasse) and in disaccharide form as 
sucrose. Hemicellulose provides the most plentiful natural source of pentoses. Furfural 
can also be hydrogenated to furfuryl alcohol and hydrolysed to levulinic acid but the 
yield loss and complexity of the additional processing steps makes it non-ideal for 
levulinic acid production. Furfural valued at ~$1500/t, is also considered a versatile 
industrial solvent and chemical precursor for foundry products (Watson and Connors, 
2008). 
The production of levulinic acid from hexose sugar is obtained via HMF which is 
hydrolysed to equal amounts of levulinic acid and formic acid as shown in Figure 1.  
Formic acid is a low value commodity chemical used in production of formaldehyde, 
rubber, plasticisers, pharmaceuticals and textiles but in future may find increased 
utilisation in fuel cell applications and as a feed source for hydrogen production. 
 
Fig 1.—Acid-catalysed decomposition of hexose to levulinic acid 
 
 
Fig 2.—Reaction pathway for conversion of pentose sugars to furfural and 
levulinic acid 
In typical acid hydrolysis process, bagasse is first broken into its polymer 
components, then the cellulose and hemicellulose are depolymerised to hexose and 
pentose sugars before subsequent conversion as shown in Figure 3. Acetyl groups 
associated with some hemicellulose components also commonly form acetic acid. The 
acid hydrolysis process also forms various acid-soluble lignin-derived components, 
increasing the product complexity. The products (and intermediate products) from 
decomposition of lignin (as well as cellulose and hemicellulose) can re-polymerise to 
undesired insoluble-polymeric materials (humins) and are not shown in Figure 3.  
Fortunately the same acid catalyst used in depolymerisation of lignocellulose is also 
suitable in the dehydration and hydrolysis of the hexose and pentose sugars to levulinic 
acid and furfural respectively. Bagasse also contains other non-polymer components like 
ash which is considered basic in nature and tends to impart a neutralising effect on acid 
catalysed reactions.  
 
Fig 3.—Simplified acid-catalysed decomposition of bagasse 
The maximum theoretical yield of levulinic acid is 64.4 wt% from hexose sugars, 
71.6 wt% from cellulose and 67.8 wt% from sucrose. The theoretical yield of furfural 
from pentose sugars is 64.0 wt%.  The first process for the concomitant production of 
levulinic acid and furfural from sugarcane bagasse using mineral acid catalysts was 
patented in the 1960s (Ramos-Rodriguez et al., 1968). The process involved batch, stirred 
reactor heated to 170 °C where furfural and other gases (acetic acid) were vented before 
increasing the reaction mixture to 195 °C to optimise levulinic acid formation in a two-
step reaction process.  Only 50 % of the theoretical yield of levulinic acid (based on 
cellulose content) was achieved due to slow heating rates promoting side reactions.  
The most promising commercial process utilises the Biofine™ technology (Hayes 
et al., 2006).  This process involves a two-stage mineral acid-catalysed reaction process 
to achieve up to 70-80% of the theoretical yield of levulinic acid (and formic acid) from 
cellulose and 70% of the theoretical yield of furfural from hemicellulose with waste paper 
feedstocks (Hayes et al., 2006). In the first stage, the feed is depolymerised to sugars at 
between 210-230 °C (>3 MPa) for less than 30 s in a plug flow reactor.  Levulinic acid is 
produced in the second reactor at 195-215 °C (~1.5 MPa) for 15 to 30 min. The variation 
in reactor volumes (residence times) reflects the fast conversion into sugars and 
subsequent slower sugar conversion into levulinic acid. The design of the reactor system 
minimises conditions amenable to side product formation. However, processing 
difficulties have been experienced when working with more complicated biomass 
feedstocks due to the presence of intractable materials (lignin) blocking the tubular 
reactors and limiting current commercialisation of this technology. 
Technical challenges with levulinic acid and furanics production 
A biorefinery approach that obtains value from multiple products rather than 
relying on a single product contributes to a sustainable and cost-effective process.  
However, there are a number of technological hurdles which historically have limited the 
economical manufacture of platform chemicals such as levulinic acid and furanics 
including:  
 Poor yield from low cost lignocellulosic feedstocks.  Processing difficulties related 
to the formation of intractable materials are encountered with lignocellulosics.  
The non-selective nature of typical mineral catalysts results in undesired side 
reactions (Bozell and Petersen, 2010). 
 Inefficient product separation and recovery.  Distillation systems are typically 
used for separation and recovery.  These systems are not economical due to the 
wide range of the boiling points of the products.  Solvent extraction methods are 
complicated as by-products have similar solvation properties (polarity) and the 
method is limited in that small amounts of product left in the aqueous phase (low 
partitioning) require the use of large amounts of solvent to achieve high recovery. 
 Waste disposal and corrosion.  The predominant use of mineral acid catalysts 
leads to waste disposal issues and corrosion problems requiring expensive 
construction materials for both reactor and acid recovery plant. 
The use of molasses and raw sugar as feedstocks will reduce the impact of some 
of these challenges by reducing the number of processing stages and would result in 
higher product yields because of reduced formation of side products such as humic acids.  
Also, working at the appropriate operating temperatures will ensure that the solid residues 
can be converted into useful by-products such as charcoal. 
Methods that are currently being investigated to improve levulinic acid recovery 
by making use of its functional reactivity include esterification to levulinate esters.  
Methanol and ethanol give the highest yields of levulinate esters.  Other reactive 
extraction methods using water-immiscible alcohols that act as both esterifying agent and 
solvent remove the need for additional solvents and processing and allow the acid 
catalyst-water mixture to be easily recycled (Ayoub, 2008).   
The development of appropriate extraction solvents (employed within the reaction 
as a biphasic system) would increase yields through suppressing formation of by-products 
and improve product quality especially for furanics (furfural and HMF) as significant 
degradation occurs under acidic conditions.  
To some extent waste disposal can be mitigated through recycling the acid/solvent 
mixture at the expense of additional operating costs. Recycling will play a key role in 
viability of the process and ensures zero effluent. Corrosion issues could be overcome by 
developing environmentally friendly processes utilising less corrosive biodegradable 
acids, heterogeneous catalysts or green solvent systems.  Heterogeneous catalysts offer 
the greatest potential due to their simple and energy efficient separation, reusable nature, 
limited corrosion and waste disposal issues. However, a key technical barrier still remains 
the selectivity of new catalytic systems. 
Current QUT research targeting levulinic acid 
QUT is currently undertaking research into the production of selected 
biochemicals from bagasse for integration into sugar factories. This would require the 
process to operate with existing utilities of the factory, such as heating, which would be 
expected to be supplied from steam produced in boilers ranging from ~18 bar (saturated 
steam temperature of 210 ºC) up to 65 bar (saturated steam temperature of 280 ºC) of 
higher pressure boilers in industry. The aim is to develop commercial processes with the 
following core objectives:  
 environmentally friendly and efficient through producing zero effluent and 
using recyclable catalysts and solvents 
 utilisation of low operating pressures to minimise equipment costs and 
processing complexity 
 modular design with inherent flexibility to cope with a wide range of 
feedstocks. 
The minimum processing capacity required is estimated at 10 000 tonnes of 
carbohydrate equivalent to ~5% of the sugar produced in a factory processing 1.5 million 
tonnes of sugarcane a year or 20% of the surplus bagasse of the same factory. 
Formation of levulinic acid, formic acid and furfural 
This is a preliminary update on a research project looking at a cost-effective 
process for the production of levulinic acid using sulfonic acids as alternative catalysts to 
mineral acids.  Sulfonic acids are strong, non-oxidising, biodegradable acid catalysts that 
are more environmentally friendly and less corrosive than sulphuric acid (which is the 
catalyst widely used).  They are commonly used in esterification and other organic 
reactions (Gernon et al., 1999).  This project evaluated the use of methanesulfonic acid 
(MSA; pKa=-2), ethanesulfonic acid (ESA; pKa=-2) and p-toluenesulfonic acid (TSA; 
pKa=-2.8) for the conversion of glucose and xylose mixtures (the two predominant sugars 
in bagasse) to levulinic acid, formic acid and furfural.  The reaction yield results were 
compared to sulphuric acid (pKa=-3).   
The reactions were carried out in 10 mL sealed glass ampoules that were loaded 
with mixtures of glucose and xylose at ratios representative of sugarcane bagasse (1.6-2:1 
/ cellulose:hemicellulose) or bagasse pulp produced from typical soda pulping processes 
(3.5-4:1 / cellulose:hemicellulose) and with the desired amount of catalyst. The ampoules 
were heated in a fluidised sand bath to a set temperature and reaction time. At the end of 
the reaction time, the ampoules were rapidly quenched in water to stop the reaction. The 
ampoules were opened and the contents filtered (under vacuum) with dilution water 
added to wash the solid residue to allow the filtrate to be quantitatively collected.  The 
products were analysed by high-performance liquid chromatography.  
Tables 1, 2 and 3 give the operating conditions and yields of levulinic acid, formic 
acid and furfural respectively for selected trials. According to statistical analyses of the 
data using a paired T-test there was no significant difference for levulinic acid, formic 
acid or furfural yields among the sulfonic acids tested under similar conditions.  The 
average ratio of the amount formic acid formed to levulinic acid is ~1.18, as formic acid 
is also formed through other glucose and xylose decomposition pathways. Compared to 
sulphuric acid, the organic acids produced slightly lower yields of levulinic acid and 
formic acid but higher yields of furfural at the same operating conditions (including acid 
molarity).  This suggests slightly slower reaction rates of the organic acids but still 
comparable to the mineral acid catalyst. The higher comparative furfural yield is 
indicative of the slower degradation of furfural under acidic conditions. The rationale 
behind investigating different ratios of glucose and xylose was also to examine the 
interference of feed component on reaction pathways or yields. Interestingly when 
compared to acid hydrolysis tests on glucose alone the presence of xylose produced 12-
16% higher yields of levulinic acid. Conversely comparisons to acid hydrolysis tests on 
xylose alone showed the presence of xylose produced 20-30% lower yields of furfural. 
While not comprehensively covering the range of operating conditions the results 
in Tables 1 and 2 show that levulinic acid and formic acid yields are maximised at higher 
acid concentration, longer reaction time and higher reaction temperature in agreement 
with literature (Girisuta, 2007; Yan et al., 2008). Maximum levulinic acid yields of 60-
65% of theoretical (see Table 1) achieved in this preliminary study for sulphuric acid and 
sulfonic acids are only slightly lower than the 70-80% yields achieved by the Biofine 
process (Hayes et al., 2006). Conversely the results in Table 3 show that furfural yield are 
maximised at the milder conditions given (lower acid concentration, shorter reaction time 
and lower reaction temperature).  Furfural yields of 50-55% of theoretical (see Table 3) 
were achieved with the sulfonic acids and are slightly lower than the 60-70% yields 
expected of commercial furfural production processes (Watson and Connors, 2008). 
While levulinic acid is stable under acidic conditions at high temperatures, furfural 
readily degrades.  Therefore the concomitant production of levulinic acid and furfural 
from bagasse would require a multi-stage approach to optimise yields of both products. 
Table 1—Levulinic acid yields from acid-catalysed reaction of mixtures of glucose 
and xylose 
Run 
Acid 
conc. 
(M) 
Glucose 
conc. 
(M) 
Xylose 
conc. 
(M) 
Temp.  
 
(ºC) 
Reaction 
time 
(min) 
Levulinic acid yield (mol%
#
) 
H2SO4 MSA ESA TSA 
1 0.50 0.05 0.036 160 15 19.4 19.5 19.7 20.2 
2* 0.25 0.10 0.030 160 30 25.7 13.0 20.6 22.6 
3 0.25 0.10 0.073 160 60 37.3 25.9 31.3 33.2 
4* 0.50 0.10 0.030 180 15 60.2 52.2 55.9 56.0 
5 0.10 0.10 0.060 180 30 36.9 29.8 34.9 33.4 
6* 0.25 0.10 0.030 180 30 59.0 49.2 55.1 55.9 
7 0.25 0.10 0.073 180 30 57.4 48.2   56.6 
8* 0.50 0.10 0.030 180 30 65.7 60.8 61.6 59.8 
9* 0.25 0.10 0.030 180 60 63.9 60.3 59.7 61.0 
10* 0.50 0.05 0.017 200 15 61.3 64.8 60.5 60.8 
11 0.50 0.10 0.073 200 30 58.2 57.3 59.0 56.3 
# Based on theoretical yield of the conversion of glucose.  
* Glucose to xylose ratios representative of bagasse pulp. 
Table 2—Formic acid yields from acid-catalysed reaction of mixtures of glucose 
and xylose 
Run 
Acid 
conc. 
(M) 
Glucose 
conc. 
(M) 
Xylose 
conc. 
(M) 
Temp.  
 
(ºC) 
Reaction 
time 
(min) 
Formic acid yield (mol%
#
) 
H2SO4 MSA ESA TSA 
1 0.50 0.05 0.036 160 15 23.4 22.0 25.1 26.0 
2* 0.25 0.10 0.030 160 30 33.5 15.4 25.5 28.4 
3 0.25 0.10 0.073 160 60 47.4 32.3 38.3 41.7 
4* 0.50 0.10 0.030 180 15 69.4 60.9 63.3 63.5 
5 0.10 0.10 0.060 180 30 42.7 36.5 42.7 43.2 
6* 0.25 0.10 0.030 180 30 65.6 56.8 63.3 64.3 
7 0.25 0.10 0.073 180 30 72.6 60.1  83.0 
8* 0.50 0.10 0.030 180 30 72.4 70.5 78.9 70.4 
9* 0.25 0.10 0.030 180 60 66.3 69.2 75.1 68.0 
10* 0.50 0.05 0.017 200 15 81.4 72.9 71.1 79.0 
11 0.50 0.10 0.073 200 30 62.3 71.6 59.4 64.3 
# Based on theoretical yield of the conversion of glucose.  
* Glucose to xylose ratios representative of bagasse pulp. 
Table 3—Furfural yields from acid-catalysed reaction of mixtures of glucose and 
xylose 
Run 
Acid 
conc. 
(M) 
Glucose 
conc.  
(M) 
Xylose 
conc. 
(M) 
Temp.  
 
(ºC) 
Reaction 
time  
(min) 
Furfural yield (mol%
#
) 
H2SO4 MSA ESA TSA 
1 0.50 0.05 0.036 160 15 34.9 45.9 52.2 54.7 
2* 0.25 0.10 0.030 160 30 46.9 41.0 36.6 41.4 
3 0.25 0.10 0.073 160 60 38.5 46.5 41.7 40.5 
4* 0.50 0.10 0.030 180 15 28.3 39.6 28.0 28.0 
5 0.10 0.10 0.060 180 30 43.9 54.4 49.2 50.5 
6* 0.25 0.10 0.030 180 30 26.6 39.5 30.9 39.4 
7 0.25 0.10 0.073 180 30 29.0 38.4   33.8 
8* 0.50 0.10 0.030 180 30 14.1 20.4 13.1 14.1 
9* 0.25 0.10 0.030 180 60 13.6 19.4 34.8 11.7 
10* 0.50 0.05 0.017 200 15 16.0 11.6 15.8 19.6 
11 0.50 0.10 0.073 200 30 1.2 5.2 1.0 2.2 
# Based on theoretical yield of the conversion of xylose.  
* Glucose to xylose ratios representative of bagasse pulp. 
Based on the optimised yields achieved by the Biofine technology (70-80% of the 
theoretical yields of levulinic acid and formic acid produced from the cellulose 
component and 60-70% of the theoretical yield of furfural produced from the 
hemicellulose component), the organic acid and furanic platform utilise 46-53%
1
 of the 
bagasse compared to a typical cellulosic ethanol technology which utilises only 35-37% 
of bagasse.  The organic acid and furfural products are also of higher value than ethanol.  
However, based on the results of Tables 1, 2 and 3 and for feed representative of 
pulp and bagasse, the operating conditions of Runs 4 and 7 respectively utilised ~34% of 
the feed in producing levulinic acid, formic acid and furfural. Bagasse pulp is expected to 
achieve higher process yields than bagasse as there will be negligible lignin to interfere 
with reactions and contribute to solid residue. The handling of solid residue is a key 
limitation in the Biofine process.  
It should be noted that as well as the operating conditions not being optimised to 
utilise the maximum amount of feed in Tables 1, 2 and 3, the reactor design (glass 
ampoules) were also not ideal in that they do not allow adequate mixing of the vessel’s 
contents. The ampoules were used as their small diameter ensured adequate heat transfer 
and rapid heating rates allowing the operating temperature to be attained in less than 
2 min which is desirable in reducing side reactions.  
As MSA is cheaper than the other sulfonic acids (especially when using similar 
acid molarity) and the results of Tables 1, 2 and 3 show no significant differences in 
reactivity among the acids, further development work is planned on MSA.  The aim is to 
develop an overall process where MSA will be involved with in-situ esterification. As 
levulinate esters are easier to recover than levulinic acid, the higher cost of MSA 
                                                 
1
 Based on bagasse comprising of 52 wt% cellulose and 26 wt% hemicellulose on a dry ash free basis. 
compared to sulphuric acid may be cancelled by higher product yield and recycling 
issues. 
Conclusion 
The transformation of the sugar factory to a biorefinery is almost inevitable and 
will facilitate diversification from sugar, molasses and energy to a range of additional 
products.  As a biorefinery, the manufacture of relatively low value sugar product is 
supplemented with higher value bio-based chemical products to provide the necessary 
financial incentive to maintain viability of the sugar industry. Furanics, organic acids 
(such as levulinic acid) and their esters are valuable platform chemicals that can be 
produced through acid-catalysed dehydration and hydrolysis of carbohydrates, the major 
component of sugar, molasses and bagasse. Commercial production of levulinic acid and 
furfural from carbohydrates suffers from the use of corrosive mineral acid catalysts which 
increase equipment and operating costs and can lead to waste disposal issues. A number 
of strong sulfonic acids of low corrosivity were tested and found to provide similar 
selectivity to sulphuric acid in the reaction of simple sugars to levulinic acid and furfural. 
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